NADP-linked isocitrate dehydrogenase (NADP-IDH; EC 1.1.1.42), which plays a key role in the tricarboxylic acid (TCA) cycle of many living creatures, [1] [2] [3] [4] [5] [6] catalyzes the dehydrogenative decarboxylation of isocitrate to form 2-oxoglutarate in the presence of NADP, concomitantly yielding NADPH and CO2. The product, 2-oxoglutarate, providing the carbon skeleton required for ammonium assimilation involving glutamine synthetase and glutamate synthase, is a key metabolite in nitrogen and carbon metabolism. 7) Most copper-tolerant wood-rotting basidiomycetes, including Fomitopsis palustris, accumulate oxalic acid at greater concentrations in culture media. 8, 9) Recently, we have found a new physiological role of the oxalate biosynthesis that is metabolically linked with both glyoxylate (GLOX) and TCA cycles in this fungus; the oxalate biosynthesis has been characterized as a fermentation process for the fungus to acquire energy by oxidizing glucose during vegetative growth.
10) Moreover, we have reported that the metabolic change occurs at the transient step from the vegetative growth to the fruit body formation of this basidiomycete; ICL, a key enzyme of the GLOX cycle, is more important in oxalate synthesis at the vegetative growth stage, and NADP-IDH is important for glutamate synthesis at the fruiting stage.
11) Furthermore, we have recently puriˆed and characterized the malate synthase (MS) 12) and ICL 13) involved in the GLOX cycle of the same fungus. In this context, the metabolic regulation of the TCA and GLOX cycles is an important event to investigate from a viewpoint of the acquisition of both energy and metabolites required for the life cycle of the wood-destroying basidiomycetes. Alternatively, it is also important to control fruit body formation of wood decay fungi, because spores released from the fruit bodies cause much damage to wooden structures even after eradicating the causal fungi from the decayed sites. In addition to ICL and MS, NADP-IDH has been targeted as a key enzyme to be investigated for development of the wood-rotting basidiomycete F. palustris, because NAD-IDH activity was not detected from this fungus. 10) Although NADP-IDHs from animals, 14, 15) plants, 16, 17) fungi, 18, 19) and bacteria, 20, 21) have been characterized, no report has described the puriˆca-tion and characterization of NADP-IDH from any wood-rotting basidiomycete. Thus, we were motivated to investigate characteristics of NADP-IDH from the wood-rotting fungus in relation to the fruit body formation. We report here theˆrst example of the puriˆcation and characterization of NADP-IDH from the wood-rotting basidiomycete F. palustris that is an important copper-tolerant fungus, which has been used as a Japanese Industrial Standard (JIS) fungus for the testing of wood preservatives e‹cacy. 22) Results are discussed in comparison with the NADP-IDHs from other sources.
Materials and Methods
Chemicals. All biochemical and chemical reagents, including DL-isocitrate, were obtained from Nacalai Tesque (Kyoto). SDS-PAGE gels were purchased from Daiichi Pure Chemicals (Tokyo). The protein assay kit was obtained from Bio-Rad Laboratories (Hercules, CA).
Microorganism and growth conditions. The woodrotting basidiomycete Fomitopsis palustris (Berkeley et Curtis) Murill (formerly called Tyromyces palustris) was used as a model fungus in this study. The fungus was grown by the static culture on liquid media with 5z (w W v) glucose as a major carbon source.
11)
Enzyme assays. The activity of NADP-IDH was assayed by monitoring of the increase in absorbance at 340 nm arising the formation of NADPH at 309 C; the Moore and Ewaze method 23) was slightly modied and a double-beam spectrophotometer (Hitachi model U-3000, Hitachi, Tokyo) was used. The reaction mixture (1 ml), containing 50 mM Tris-HCl buŠer (pH 9.0), 5 mM MgCl2, 0.17 mM NADP, 0.2 mM dithiothreitol (DTT), and 5 mM DL-isocitrate, was incubated at 309 C. The reaction was started by the addition of the enzyme solution. One unit (U) of the enzyme activity is deˆned as the amount of the enzyme that catalyzes the formation of 1 mmol of NADPH per minute under the conditions described; the enzyme activity assayed is given in terms of speciˆc activity expressed as units per mg of protein. Protein concentrations were measured by the Bradford method with a protein assay kit with bovine serum albumin as the standard. 24) Enzyme preparation and puriˆcation. Two-weekold mycelia grown on glucose were used as the enzyme source. The fresh mycelia (126 g fresh weight) harvested from 50 culture ‰asks wereˆltered through cotton or cheesecloth and rinsed thoroughly with cold distilled water. All manipulations were done at 49 C. Mycelia were homogenized by a Phoenix blender (Oster, FL) in 0.1 M Tris-HCl buŠer (pH 8.5) containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl ‰uoride (PMSF), 2 mM DTT, 5 mM MgCl2, and 1 mM DLisocitrate. The homogenate was transferred to a cold mortar, further ground with a pestle after addition of a small amount of sea sand, and centrifuged at 14,000×g for 30 min. The supernatant thus obtained was transferred to a vessel, while the pellet was again homogenized with the same buŠer and centrifuged in the same way to obtain the second supernatant. Theˆr st and second supernatant solutions were combined and used for the enzyme puriˆcation. Ammonium sulfate was slowly added to the combined supernatant to reach 70z saturation with continuous stirring. The solution was left for 1 h, then centrifuged at 14,000×g for 1 h. The pellet obtained was dissolved in buŠer A (pH 8.1, consisting of 20 mM TrisHCl, 1 mM EDTA, 1 mM PMSF, 2 mM DTT, 5 mM MgCl2, and 5z (w W v) glycerol) containing 1 M ammonium sulfate. The undissolved matter was removed by centrifugation. The supernatant was put on a Toyopearl Phenyl-650M column (1.5×20 cm) (Tosoh, Tokyo) equilibrated with buŠer A with 1.8 M ammonium sulfate. The adsorbed proteins were eluted with a linear gradient of ammonium sulfate (from 1.8 to 0 M). Fractions with the enzyme activity were combined and dialyzed overnight against buŠer A. The dialyzate was passed through a Protein-Pak DEAE 15HR column (1×10 cm) (Waters, Milford, MA) which had been equilibrated with the same buŠer. The earlier eOEuents were collected, because most of the NADP-IDH activity was recovered in these fractions, and the adsorbed proteins that were eluted with a linear gradient of NaCl (from 0 to 0.3 M) in buŠer A did not contain much enzyme activity. The fractions with the enzyme activity were combined and concentrated with a Centriprep 10 (Amicon, Inc., Beverly, MA). The concentrated enzyme was passed through a HiLoad Superdex 200 column (1.6×60 cm) (Pharmacia Biotech, Tokyo) which had been equilibrated with buŠer A containing 0.15 M NaCl. The eluted enzyme fractions were combined and dialyzed overnight against buŠer A. The dialyzate was put on a Toyopearl AF-Blue HC-650M (1×10 cm) (Tosoh) a‹nity-chromatography column. The enzyme was eluted with a linear gradient of KCl (from 0 to 1 M) in buŠer A. The enzyme fractions were combined and dialyzed overnight against buŠer A. The dialyzate was put on a Cosmogel DEAE (0.8×7.5 cm) column (Nacalai Tesque) which had been equilibrated with buŠer A. The enzyme was eluted with a linear gradient of DLisocitrate (from 0 to 0.02 M) in buŠer A. The fractions with greater activity were combined,ˆlter-sterilized (Millipore; 0.22 mm), and used for enzyme characterization.
Estimation of molecular masses of the puriˆed native enzyme and the subunit. The molecular mass of the native enzyme was measured by passing it through a TSK gel G3000SWXL column (Tosoh) (buŠer A). The standard proteins (Sigma Chemicals, St. Luis, MO) used were thyroglobulin (669 kDa), apoferrin (443 kDa), b-amylase (200 kDa), alcohol dehydrogenase (150 kDa), and carbonic anhydrase (29 kDa). The molecular mass of the subunit of the puriˆed enzyme was estimated by SDS-PAGE according to the method of Laemmli 25) in a vertical slab 
Kinetic Studies
Kinetic analysis of NADP-IDH was done at 309 C and pH 9.0. Km values for DL-isocitrate, NADP, and Mg 2+ and inhibition types of 2-oxoglutarate and the mixture of oxaloacetate and glyoxylate for NADP-IDH were measured by Lineweaver-burk plots. Table 1 summarizes the puriˆcation procedures of NADP-IDH from mycelia of F. palustris. Although the puriˆcation step using a Protein-Pak DEAE 15HR column was not eŠective, the enzyme waŝ nally puriˆed 672-fold in 3z yield, and the speciˆc activity was 75 units W mg of protein. Especially it is noteworthy that NADP-IDH was successfully puried by Cosmogel DEAE column chromatography with a linear gradient of DL-isocitrate (from 0 to 0.02 M) in buŠer A. The SDS-PAGE analysis shows that the enzyme was puriˆed to a nearly homogenous state with a subunit molecular mass of 55 kDa (Fig. 1) . By the gelˆltration through a TSK gel G3000SWXL column, the enzyme was estimated to have a molecular mass of 115 kDa, consisting apparently of two identical subunits (55 kDa), as a homodimer, which was similar in molecular size to the NADP-IDHs isolated from Synechocystis sp., 27) Anabaena sp., 28) and Thermus thermophilus, 21) with molecular masses of 108, 108, and 115 kDa, respectively (Table 2) . However, the enzyme from Aspergillus niger is in a monomeric form with a molecular mass of 60 kDa. Fig. 2 . EŠects of pHs on NADP-IDH Activity.
26)

Results and Discussion
Puriˆcation of NADP-IDH
18)
Enzyme activity was measured at 309 C in 0.1 M Tris-HCl buŠer. 20) T. thermophilus HB8, 21) alkalophilic Bacillus sp., 29) and Paecilomyces variot. 19) The Km for NADP was 2.9 mM, which is lower than any other value listed in Table 2 . The results indicate that NADP-IDH from F. palustris has a comparatively high a‹nity for both isocitrate and NADP, because the K m reported for isocitrate and NADP were between 6.4 and 77 mM and 4.4 and 54 mM, respectively, in bacteria, 20, 21) cyanobacteria, 27, 28) and fungi. 18, 19) pH optimum The pH optimum of the enzyme was found to be between pH 8.0 and 10.0 (Fig. 2) . The optimum pH of NADP-IDH from the fungus F. palustris was slightly broader and higher than those reported from E. coli (pH 7-9), 20) T. thermophilus (pH 7.4), 21) A. niger (pH 6-8), 18) and P. varioti (pH 8.4).
19)
Requirement of Mg 2+ for the full enzyme activity and the enzyme stability
The dependence of the NADP-IDH activity on Mg 2+ was examined with the dialyzed Mg 2+ -free enzyme solution. Table 3 shows that no activity was detected in the absence of metal ions but the maximal enzyme activity was obtained by the addition of Mg 2+ . Kinetic analysis has shown that the Km for Mg 2+ was 23.9 mM, which is much lower than the Km reported for the enzymes from P. varioti 19) and Synechocystis sp., 26) as indicated in Furthermore, we found that the complete loss of the enzyme activity was signiˆcantly prevented by the addition of 5 mM MgCl2; 70-80z of the enzyme activity was maintained in the dialysis steps during the puriˆcation procedures. Thus, these results indicate that Mg 2+ is important not only for the reaction catalyzed by NADP-IDH but also for protecting the enzyme from inactivation during the puriˆcation procedures and storage. In fact, it has been reported that the true substrate of NADP-IDH in the forward reaction is the Mg 2+ -isocitrate complex for the enzymes from E. coli 30) and Pisum sativum L. 31) Theˆndings obtained were consistent with the previously reported ones. 19, 27) EŠects of nucleotides on NADP-IDH activity Table 4 shows eŠects of AMP, ADP, and ATP on the enzyme activity. Nucleotide phosphates slightly inhibited the enzyme; the extent of inhibition by the diphosphate nucleotide was a little larger than that of inhibition by mono-and triphosphate nucleotides. The result was similar to those obtained for the enzymes from P. varioti 19) and alkalophilic Bacillus sp. 29) However, the enzyme from A. niger 18) was strongly inhibited by ATP.
Inhibitory eŠects of metabolites and related compounds Table 5 shows inhibitory eŠects on the enzyme of The reaction mixture contained 0.33 mM isocitrate. metabolites involved in the TCA and GLOX cycles and the related compounds. None of the compounds at 1 mM, pyruvate, phosphoenolpyruvate, succinate, glyoxylate, itaconate, and glutamate, inhibited the enzyme, although citrate, cis-aconitate, 2-oxoglutarate, oxaloacetate, and oxalate inhibited it slightly. 2-Oxoglutarate at 5 mM, inhibiting the enzyme had a competitive inhibition pattern (Ki, 127.0 mM) (Fig. 3) . Thisˆnding is consistent with the inhibition pattern previously reported for the enzymes from P. varioti 19) and pea leaves. 32) Interestingly, however, a mixture of oxaloacetate and glyoxylate inhibited the enzyme activity. The kinetic inhibition analysis has shown that the inhibition pattern is a mixed type as indicated in Fig. 4 , which is the same as reported for the enzymes from P. varioti 19) and Candida tropicalis. 33) Thus, the result indicates that the structure of the isocitrate (C6) substrate might be mimicked by the concomitant addition of glyoxylate (C2) and oxaloacetate (C4).
Although we have reported that NADP-IDH is a regulatory enzyme in the metabolic change that occurs at a transient step from the vegetative growth to the fruit body formation of F. palustris, 11) it is not clear whether a combination of oxaloacetate and glyoxylate, in particular, is involved in regulation of the enzyme activity in the living cell of this fungus, because subcellular localization of the key enzymes concerned and transport mechanism for the metabolites involved remain to be investigated. Nevertheless, now that the puriˆed NADP-IDH is available from the wood-destroying fungus F. palustris, a molecular mechanism for a regulatory role of the key enzyme system during the fruit body formation of the fungus is in progress in our laboratory.
